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Measurement of bisabolene and amorphadiene 146 For measurement of bisabolene production, 10 µL of the dodecane overlay was sampled and 147 diluted into 390 µL of ethyl acetate spiked with 1 mg/L caryophyllene as an internal standard.
148
Bisabolene was quantified by gas chromatography-mass spectrometry (GC-MS) as described 149 previously [17] . 30°C. After 6 days the cultures were used to inoculate fresh medium of the same type and 156 dodecane was sampled to quantify bisabolene production. This process was repeated 2 additional 157 times, spanning four rounds of culture over 24 days.
159
Measurement of lipid and carotenoid content 160 Total lipid content was quantified gravimetrically following extraction with Folch reagent (2:1 161 chloroform/methanol) as described previously [18] . Carotenoids were extracted with acetone and 162 quantified by high performance liquid chromatography (HPLC) as described previously [19] . 163 Carotenoid standards β-carotene, torulene, and torularhodin were obtained from Carotenature, GmbH (Ostermundigen, Switzerland).
166
Analysis of sugars and α-ketoglutarate 167 The concentrations of sugars and α-ketoglutarate were quantified on an Agilent Technologies 168 1200 series HPLC equipped with an Aminex HPX-87H column (BioRad, Hercules, CA) as 169 described previously [20] . Sugars were monitored by a refractive index detector, and α-170 ketoglutarate was monitored by a diode array detector at 210 nm. Concentrations were calculated 171 by integration of peak areas and comparison to standard curves for the compounds of interest. hydrolysis was conducted at 50°C in a 1 L shake flask for 3 days with an enzyme loading of 20 204 mg protein/g corn stover. Titers were: glucose (17.1 g/L), xylose (9.1 g/L), and p-coumaric acid 205 (383 mg/L).
206
The raw and pretreated corn stover were dried and characterized with powder X-ray diffraction 207 (XRD). The XRD analyses were performed on a PANalytical Empyrean X-ray diffractometer 208 equipped with a PIXcel3D detector and operated at 45 kV and 40 kA using Cu Kα radiation 209 (λ=1.5418Å). The patterns were collected in the 2θ range from 5 to 60° with a step size of 0.039° 210 and an exposure time of 300 seconds. A reflection-transmission spinner was used as a sample 211 holder and the spinning rate was set at 8 rpm throughout the experiment. Crystallinity index (CrI) 212 was determined by Segal's method [21] .
213
X-ray diffraction (XRD) studies were conducted to determine the changes in the crystalline vs. Alkaline biomass pretreatment and saccharification for bioreactor cultivation 228 A mixture containing 15% corn stover biomass (7 wt% moisture), 1.5% NaOH, and 83.5% water 229 was pretreated by autoclave at 121°C for 1 h. Following pretreatment, the biomass was wrapped Bioreactor cultivation using alkaline hydrolysate 245 The seed cultures were prepared by transferring a single colony from a YPD agar plate to a 500 246 mL baffled flask containing 250 mL of seed medium. The seed medium consisted of 10 g/L 247 yeast extract, 20 g/L peptone, and 20 g/L glucose. The seed was grown at 30°C, shaking at 250 248 rpm overnight to reach exponential growth phase. When the seed reached the exponential growth 249 phase, 5.5% (v/v) inoculum was transferred to each bioreactor to reach an initial OD 600 of 0.6.
250
Bisabolene production in R. toruloides was examined in 2 L bioreactors (BIOSTAT B, Sartorius,
251
Germany) with an extractive fermentation. Fermentation process parameters were controlled 252 with temperature at 30°C, dissolved oxygen at 40% air saturation, and pH 5, respectively.
253
Dissolved oxygen was controlled by adjusting the agitation rate at a constant airflow. Culture pH 254 was controlled at 5 by automated addition of 2 M NaOH. Foaming was controlled by addition of 255 5% (v/v) Antifoam 204 as needed.
256
The batch medium in the fermenter containing SD medium had the following concentrations: 20 257 g/L glucose, 6.7 g/L YNB, and 0.79 g/L CSM. The feed for this reactor during fed-batch growth 258 was 500 g/L glucose in DI water. The batch medium for the reactor containing the alkaline 259 hydrolysate had the following concentration: 20% (v/v) corn stover alkaline hydrolysate, 6.7 g/L 260 YNB, and 0.79 g/L CSM. The concentration of glucose and xylose in the batch medium for this 261 reactor was 17.3 and 7.62 g/L, respectively. The feed for the fed-batch phase for this reactor was 262 corn stover alkaline hydrolysate containing 86.5 g/L of glucose and 38.1 g/L of xylose.
263
Both fermenters contained 700 mL of initial batch medium and 150 mL of dodecane overlay 264 containing 1 g/L of pentadecane as internal standard to account for evaporation of the overlay.
265
The feed was initiated once all the sugar in the batch medium was consumed. The feed flow rate 266 was adjusted to maintain glucose concentration in the reactors below 5 g/L. Cell growth and 267 bisabolene production was monitored by taking 5 mL samples at predetermined time points. (Fig. 3) . It should be noted that this reproducibility was also achieved without the need for a 300 heterologous inducer or antibiotic selection, since the BIS gene is stably integrated into the 301 genome and its expression is under control of a constitutive GAPDH promoter [8] [9] [10] . Both of 302 these features reduce OPEX in a biorefinery. In comparison, the bisabolene titer from an 303 engineered strain of S. cerevisiae grown under similar conditions was found to decline by more 304 than 75% over 14 days [29] . The strain stability we observed in engineered R. toruloides is an 305 important industrial phenotype and a critical factor for large-scale economical production of any 306 bioproduct.
307
We found that the pH of the growth medium is an important factor for efficient sugar utilization 308 by R. toruloides. After examining a range of starting pH values in unbuffered medium (3 to 8) in 309 batch cultures, a starting pH of 7.4 was determined to be optimal to achieve complete glucose 310 utilization (Table 2 ) and the highest bisabolene titer (Fig. 4) . Interestingly, R. toruloides grew 311 and produced bisabolene at a pH as low as 3.4, suggesting the host may be amenable to 312 production of organic acids or other bioproducts that require low pH. One potential explanation 313 for the decline in pH is that R. toruloides is producing native organic acids of potential value, a 314 topic that merits further investigation. However, once the pH declines to 2.5 (in unbuffered 315 medium starting at pH 7 or below), sugar utilization is strongly inhibited, suggesting that the pH 316 must remain above this level to enable efficient carbon conversion. Therefore, all subsequent 317 experiments in unbuffered media were performed with a starting pH of 7.4. Cultures were carried out as described above, the aqueous layer was sampled for glucose 320 analysis (n=3, data shown as average ±s.d, from a single experiment). 
318

R. toruloides can convert multiple carbon sources into bisabolene in defined media
323
To demonstrate the capability of engineered R. toruloides to utilize different carbon sources to 324 produce non-native terpenes, we cultivated the bisabolene-producing strain BIS3 with the most 325 abundant sugars present in lignocellulosic hydrolysates: glucose and xylose. In addition, we 326 observed the liberation and consumption of p-coumaric acid in the IL-pretreated cornstover 327 hydrolysate described in detail below (the hydrolysate in Fig. 7) , and therefore we examined this the pretreatments used to generate hydrolysates in this study . Initially, these three carbon 332 sources were provided individually and growth, carbon utilization, and bisabolene production 333 were monitored ( Fig. 5A-C) . Glucose was completely consumed at the fastest rate, followed by 334 p-coumaric acid, then xylose (in 1, 3, and 4 days, respectively). The highest bisabolene titers 335 were observed in the p-coumaric acid cultures, likely due to its higher percentage of carbon 336 relative to the sugars (Fig. 5A-C) . Remarkably, when combined, all three carbon sources were 337 completely utilized within four days (Fig. 5D ). The p-coumaric acid was completely utilized earlier in the presence of the other sugars (2 vs 3 days), while complete utilization of glucose and 339 xylose took slightly longer when present in the mixture (glucose: 2 vs 1 day; xylose: both day 4 340 but less consumed by day 2 in the mixture).
341
Much effort has been expended on metabolic engineering of common microbial host organisms the level tested (Fig. 6) . We also tested a compound with the same aromatic motif as the 4-360 hydroxy-3,5-dimethoxypheny S units (sinapic acid), but the results were inconclusive due to 361 apparent oxidation and precipitation of the substrate during the cultivation. Overall, these results 362 indicate that R. toruloides has the metabolic potential to consume lignin-degradation products 363 derived from depolymerization processes that produce compounds similar to those tested. This 364 capability highlights the potential of R. toruloides to be used as a conversion host of 365 monoaromatic lignin degradation products, a characteristic that will become more important as 366 biomass deconstruction technologies advance to provide more extensive lignin depolymerization.
367
However, lignin depolymerization technologies can produce a very diverse and heterogeneous 368 mixture of aromatic and non-aromatic compounds, so although R. toruloides has the potential to 369 convert certain compounds derived from depolymerized lignin, much work would need to be 370 done to tailor both the structure of lignin and lignin-depolymerization strategies to bias the 371 product range toward compounds that can be readily consumed by this organism. For example, 372 one possible strategy to do this would be to engineer bioenergy feedstocks to generate lignin 373 more heavily acylated with p-coumarate, which could then be readily liberated from the lignin 374 under alkaline pretreatment conditions and converted into bioproducts [32] . xylose, and p-coumaric acid, and produce 261 mg/L of bisabolene (Fig. 7A ). In fact, it produced 397 higher titers of bisabolene in the hydrolysate than it did in a control medium with matching 398 concentrations of the IL, sugars, and p-coumaric acid (127 mg/L) ( Fig. 7B ). produced 680 mg/L and 521 mg/L bisabolene, respectively (Fig. 8A, B) . The lower titer in the 415 control may be due to the lower amount of sugars added to the cultivation (alkaline: 73.8 g/L and 416 control: 61.5 g/L), resulting in a slightly lower dry cell weight (alkaline: 27 g/L and control: 25 417 g/L) and lower bisabolene production. It is interesting to note that R. toruloides produced higher 418 titers of bisabolene in both hydrolysates versus their control media. In many instances, the 419 opposite has been observed for organisms like S. cerevisiae and E. coli, further demonstrating 420 the greater suitability of R. toruloides as a lignocellulosic conversion host.
399
421
These results show that R. toruloides is amenable to high-carbon fed-batch fermentations, which 422 is another important feature when considering organisms for use in industry. The bisabolene titer 423 of 680 mg/L achieved in this study is impressive relative to titers reported for strains of S. 424 cerevisiae and E. coli that have undergone extensive genetic engineering [24, 25, 28] . In 425 addition, no significant reduction in the native pools of lipids or carotenoids was observed in the 426 bisabolene-producing strains compared to wild type, suggesting that significant increases in titer 427 can be achieved by further strain engineering to divert carbon flux away from these native 428 molecules (both of which are derived from acetyl-CoA) toward bisabolene (Additional file 2).
430
Conclusions
431
Rhodosporidium toruloides is emerging as a promising new production platform for the 432 conversion of lignocellulose into biofuels and bioproducts. Much effort has focused on its 433 oleaginous properties (high lipid proportions; >60% w/w of cell mass), and it has been 434 engineered to produce several lipid derivatives [8, 38] . It has also been examined for its 435 production of potentially valuable native carotenoids: β-carotene, torularhodin and torulene [39] .
436
In this study, we demonstrate that this organism is a versatile production host that possesses 437 many features critical to reducing CAPEX and OPEX in a biorefinery: 1) it can be used to make 438 a variety of bioproducts, including non-native terpenes with biofuel and pharmaceutical 
